is limited by both intraobserver and interobserver variability as well as sampling errors. 8 As a result of these limitations, many investigators have focused on identifying alternative noninvasive methods for assessing liver fibrosis.
Sonography is a noninvasive procedure and is usually used as a first step when a patient is suspected to have biliary atresia. Among the many sonographic predictors of biliary atresia, the triangular cord sign is very specific, as it represents congenital fibrous ductal remnants. [9] [10] [11] [12] Choi et al 12 reported no correlation between portal fibrosis and triangular cord size; their study, however, was limited to 10 patients with biliary atresia.
According to a recent systematic review and metaanalysis, transient elastography (FibroScan; Echosens, Paris, France; Figure 1 ) 13 is a promising noninvasive method for assessing liver fibrosis. 14, 15 It consists of a modified ultrasound device and is based on the principle that the propagation velocity of an elastic shear wave is proportional to the stiffness (elasticity) of tissue. In other words, the harder the tissue, the faster the elastic shear wave propagation. To assess liver stiffness, a transducer mounted on the vibrator is placed over the liver, and a shear wave is transmitted. As this wave propagates through the liver, its velocity, which correlates with liver stiffness, is measured by pulse-echo acquisition of the ultrasound signal. There have been a few studies focused on children with chronic liver diseases of mixed etiology 16 as well as specific liver diseases such as cystic fibrosis-associated liver disease 17 and nonalcoholic fatty liver disease. 18 Together, the results of these studies indicate that transient elastography is a viable method for assessing liver fibrosis. However, limited data are available on the use of transient elastography in children with biliary atresia for evaluating the degree of liver fibrosis. Thus, the aim of this study was to assess the diagnostic performance of transient elastography and sonography for noninvasive evaluation of liver fibrosis in infants with biliary atresia.
Materials and Methods

Patients
This study was approved by our Institutional Review Board with a waiver of informed consent. A total of 51 infants younger than 1 year who underwent transient elastography and sonography before portoenterostomy or liver transplantation between April 2007 and July 2010 were retrospectively included in our study. The interval between transient elastography and sonography was less than 5 days. Kettaneh et al 19 suggest that at least 5 valid measurements are necessary to mitigate substantial loss in transient elastographic performance for diagnosis of liver cirrhosis; thus, we excluded 4 patients who had fewer than 5 valid transient elastographic measurements. Finally, a total of 47 patients (19 boys and 28 girls; median age, 60 days) were included in the study. Among the 47 patients, 27 (11 boys and 16 girls; median age, 63 days) underwent transient elastography with an M probe, which is used for the general adult population, whereas 20 (8 boys and 12 girls; median age, 49 days) were analyzed with an S probe, which is specific to children, as it only became available after July 2009.
Routine biochemical studies, including measurement of total and direct serum bilirubin levels, aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), and γ-glutamyl transferase (GGT), were performed for all patients. Reference ranges for blood sample parameters used by our institution were as follows: 0.2 to 1.2 mg/dL for total bilirubin, 0.1 to 0.4 mg/dL for direct bilirubin, 13 to 34 IU/L for AST, 5 to 46 IU/L for ALT, 60 to 300 IU/L for ALP, and 12 to 54 IU/L for GGT.
Sonographic Measurements
One pediatric radiologist (M.-J.K., with >15 years of experience in pediatric sonography) performed sonographic examinations in all patients using 5-8-MHz curved linear and 5-12-MHz linear transducers (HDI 5000 and iU22, respectively; Philips Healthcare, Bothell, WA). Patients had not been fed for at least 4 hours before sonography. In a longitudinal scan, the triangular cord thickness was measured as the thickness of the echogenic anterior wall of the right portal vein just proximal to the right portal vein bifurcation site. 10 We also evaluated the diameter of the proper hepatic artery, which runs parallel to the main portal vein, as well as the portal vein diameter at a level proximal to the portal vein bifurcation.
Transient Elastographic Measurements
An experienced sonographer performed transient elastography (FibroScan 502) under the supervision of a gastroenterologist (H.K.). The probe was placed between the two ribs in the intercostal position in proximity to the right lobe of the liver with the patients in the supine position with maximal abduction of the right arm. A minimum liver parenchymal thickness of 6 cm and a maximum distance of 2.5 cm between the liver and the probe were accepted as suitable probe placement. The elasticity was measured at a depth of 25 to 65 mm under the skin surface with the adult M probe, which was used until June 2009. The M probe operates at a frequency of 3.5 MHz. The measurement volume, which consisted of a diameter of 1 cm and a length of 4 cm, was located in an area that was free of large vessels with the assistance of M-and A-mode sonograms ( Figure 2) . We used the pediatric S probe after July 2009. The transducer of the S probe operates at an increased frequency of 5 MHz and is smaller than the M probe, allowing access to the narrower intercostal spaces of smaller chests and enabling adapted measurements in children. Depth calculations were performed at 15 to 50 mm for the smaller livers of the children.
Transient elastographic results are expressed in kilopascals. Measurements can be invalid if the probe is placed incorrectly above the rib or lung; the elastographic instrument automatically indicates whether these measurements are valid or invalid. The manufacturer recommends that 10 valid measurements should be obtained for each patient to establish reliable measurements. The median value of the 10 valid measurements is considered representative of liver stiffness. The success rate is defined as the number of valid measurements divided by the total number of measurements. An examination is considered reliable when the success rate is greater than 60% and the interquartile range is less than one-third of the median value. As mentioned above and proposed by Kettaneh, 19 however, we considered an examination acceptable if at least 5 valid measurements were obtained. 
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Histologic Assessment
All infants (n = 47) with biliary atresia underwent portoenterostomy with liver biopsy (n = 46) or liver transplantation (n = 1). One pathologist (Y.N.P., with >10 years of experience) performed histopathologic examinations of specimens. The liver fibrosis stage was determined according to the METAVIR 5-point (F0-F4) scoring system as follows: stage F0, no fibrosis (n = 0); F1, mild fibrosis (portal fibrosis without septa; n = 1); F2, substantial fibrosis (portal fibrosis and a few septa; n = 27); F3, severe fibrosis (numerous septa without cirrhosis; n = 14); and F4, cirrhosis (n = 5).
Statistical Analysis
The Kolmogorov-Smirnov test was used to determine whether data were normally distributed. Accordingly, data that did or did not show a normal distribution were presented as mean ± standard deviation or median, and 
Results
Between fibrosis (F3) and cirrhosis (F4) were significantly older than the patients with substantial fibrosis (F2; Table 1 ).
The total and direct bilirubin, ALT, and AST levels were not significantly different between each fibrosis group. The ALP and GGT levels were significantly higher in patients with severe fibrosis (F3) compared to patients with substantial fibrosis (F2) but tended to decrease in patients with cirrhosis (F4; Table 1 ).
The success rates of transient elastography were significantly different between the M-and the S-probe groups. Specifically, the success rate was higher in the S-probe group (100%) than the M-probe group (77%; P < .001; Table 2 ).
The transient elastographic values were 10.3, 6.5, 12.0, and 34.9 kPa for F1, F2, F3, and F4, respectively (Table 3) . Only the transient elastographic measurements were significantly positively correlated with METAVIR fibrosis stages (ρ = 0.63; P < .001), whereas the triangular cord thickness and hepatic artery and portal vein diameters were not ( Figure 3 ).
The performance of transient elastography was excellent (A z = 0.96) for diagnosis of cirrhosis (F4) and good (A z = 0.86) for diagnosis of severe fibrosis (≥F3). The cutoff values of transient elastography were greater than 9.6 kPa (sensitivity, 89.5%; specificity, 75%) and greater than 18.1 kPa (sensitivity, 100%; specificity, 90.5%) for diagnosis of severe fibrosis (≥F3) and cirrhosis (F4), respectively. The A z value of the S probe (0.93) was higher than that of the M probe (0.85) with respect to predicting severe fibrosis (≥F3), although this difference did not reach statistical significance. The A z value of the S probe (0.94) was compatible with that of the M probe (0.96) in predicting cirrhosis (F4; Figures 4 and 5 and Table 4 ). Multivariate regression showed that with the exception of the histologic fibrosis stage (β = 8.01; P = .001), age was the only parameter that had an independent effect on the performance of transient elastography (β = 0.16; P = .001). 
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Discussion
Liver fibrosis is a common feature in biliary atresia and the most important prognostic factor in predicting the outcome after portoenterostomy: patients with biliary atresia and severe fibrosis or cirrhosis at portoenterostomy have been shown to have poor outcomes. 5, 6, 21 The pathogenesis of liver fibrosis in biliary atresia is still unknown. In addition to cholestasis from bile duct obliteration, several novel hypotheses have been proposed, including recurrent cholangitis or involvement of oxidative stress. 22 Liver fibrosis can be progressive even after portoenterostomy and is associated with complications such as portal hypertension and esophageal and gastric varices, which can be life threatening. Patients with severe fibrosis or cirrhosis at diagnosis of biliary atresia might benefit from early liver 
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transplantation over portoenterostomy. Patients with milder stages of fibrosis can be candidates for new therapies such as anti-inflammatory and anti-fibrotic therapies to prevent progression of liver fibrosis after portoenterostomy. Moreover, identification of the stage of liver fibrosis can help predict the prevalence of associated complications postoperatively. Therefore, it is important to monitor the degree of liver fibrosis in biliary atresia both before and after portoenterostomy.
Liver biopsy remains the reference standard for evaluation of liver fibrosis, but it has several shortcomings, such as invasiveness, sampling errors, and interobserver variability. 7, 8 Therefore, when used as a monitoring tool, liver biopsy can be problematic. As a result of these limitations, considerable efforts have focused on identifying and validating noninvasive methods for assessing liver fibrosis. One promising method is transient elastography, which was shown in a recent meta-analysis to have excellent diagnostic accuracy in predicting cirrhosis but to have less accuracy in predicting less-severe fibrosis. 14 To date, only a few studies on the use of transient elastography in children have been performed, which evaluated the feasibility of transient elastography and compared it with surrogate serum fibrosis markers such as the FibroTest (BioPredictive, Paris, France) and the aspartate transaminase-to-platelet ratio index. [16] [17] [18] They suggested that transient elastography is feasible in children, with the highest diagnostic accuracy of 0.88 for diagnosis of cirrhosis. However, they studied children across a wide range of ages (2 months to 20 years) that had mixed etiologies of chronic liver diseases. Menten et al 17 prospectively compared transient elastography and sonography in children and adults with only cystic fibrosis-associated liver disease and suggested that transient elastography is an attractive and noninvasive method for assessing and monitoring liver disease in patients with cystic fibrosis. However, their study did not include histologic evaluation as a reference standard. Nobili et al 18 also evaluated the performance of transient elastography compared with histologic fibrosis stages in pediatric patients with nonalcoholic steatohepatitis and reported that transient elastography had excellent diagnostic accuracy. Their study group also included patients from a wide age range (4-17 years). Last, Chang et al 23 evaluated transient elastography as a pre-endoscopic screening tool in postoperative patients with biliary atresia, but that study did not focus on examining the degree of liver fibrosis. In our study, transient elastography was excellent (A z = 0.96) for diagnosing cirrhosis (F4) but less accurate (A z = 0.86) for diagnosing severe fibrosis (≥F3), which was consistent with the findings of previous studies. The cutoff values of transient elastography for predicting severe fibrosis and cirrhosis reported in previous studies varied, ranging from 7.9 to 11 and 11.0 to 25.8 kPa, respectively. [24] [25] [26] [27] [28] [29] In our study, the cutoff values for diagnosis of severe fibrosis and cirrhosis were greater than 9.6 and greater than 18.1 kPa, which were comparable with values in previous studies. 18, 30 Because most patients with biliary atresia had stage F2 fibrosis or higher, we could not evaluate the diagnostic performance of transient elastography for predicting substantial fibrosis (≥F2).
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The positive relationship between transient elastographic measurements and the degree of necroinflammatory activity, which is represented as the ALT level, has been well described mostly in adult patients with viral hepatitis. [31] [32] [33] [34] In our study, ALT levels did not show a significant difference between fibrosis groups and did not have an independent effect on transient elastographic measurements in the multivariate logistic analysis. We were unable to investigate the basis of differences between our results and those of previous studies because of a lack of available histologically based assessments of the degree of necroinflammatory activity as well as an insufficient number of patients, especially in the normal, mild fibrosis (F1), and cirrhosis (F4) groups, in our retrospective study. Thus, a larger-scale, histologically based study is needed.
Nobili et al 18 reported that there was no relationship between age and liver stiffness in both control study participants and patients with cystic fibrosis. On the other hand, Roulot et al 35 performed transient elastography in 429 healthy study participants with a mean age of 45.1 years, and their results showed that mean liver stiffness values tended to increase with age. To the best of our knowledge, however, there has been no related study per- formed in an infant group younger than 1 year, and this study may be the first in that age group. Our results showed that age (β = 0.16; P = .001) had a significant effect on transient elastography, even though our patients were confined to a very narrow age range. However, to confirm our results, a study with healthy controls in the same age range should be performed. According to de Lédinghen et al, 16 there are some limitations associated with using the M probe for transient elastography in children. Because children have smaller livers, the depth of measurement should be adapted. Likewise, because of narrow intercostal spaces, the transducer may push not only soft tissues but also the ribs, causing several shear waves. As a result, a faster band corresponding to propagation of the wave into interferences can lead to an overestimation of liver stiffness. Therefore, the S probe was developed for children, who have narrower intercostal spaces and smaller livers. The S probe operates at a higher frequency (5 MHz) and has a measurement depth of 15 to 50 mm. In our institution, the S probe became available in July 2009, and all patients in this study underwent transient elastography with the S probe from that time. The success rate of the S probe (100%) was significantly higher than that of the M probe (77%). Likewise, the diagnostic accuracy of the S probe predicting severe fibrosis tended to be higher than that of the M probe, although this difference did not reach the level of statistical significance.
The triangular cord sign on sonography is an important component for diagnosis of biliary atresia, as it represents congenital fibrous ductal remnants in the porta hepatis. Ohi and Ibrahim 36 divided surgical morphologic findings into several types according to the pattern of hepatic radicles at the porta hepatis in patients with biliary atresia: namely, triangular cone-shaped fibrous masses (67%), fibrous hepatic ducts (15%), aplasia of hepatic ducts (6%), dilated hepatic ducts (5%), hypoplastic hepatic ducts (4%), and bile lakes (3%). The most common type, a fibrous mass, shows the triangular cord sign on sonography, whereas the others do not show that sign. In biliary atresia, because the triangular cord thickness is influenced primarily by the morphologic type of congenital fibrous ductal remnants, the degree of fibrosis is of little importance to the triangular cord thickness. Likewise, the triangular cord thickness was not significantly correlated with METAVIR fibrosis stages in our study.
Burgener et al 37 observed an increase in the number and diameter of hepatic arterial branches in patients with advanced hepatic fibrosis. Some authors have described hyperplastic and hypertrophied hepatic arteries in patients with biliary atresia, [38] [39] [40] which may represent changes to compensate for the diminished portal vein flow in advanced liver fibrosis or a manifestation of ductal plate malformation, although its exact pathogenesis remains uncertain. 39, 40 Therefore, an enlarged hepatic artery cannot be explained only by liver fibrosis, especially in patients with biliary atresia, and our results showed no significant correlation between the diameter of the hepatic artery and histologic fibrosis stages. Likewise, the portal vein diameter was not correlated with histologic fibrosis stages. The portal vein diameter may increase or decrease depending on hepatopetal or hepatofugal blood flow, respectively, 41 which could explain our results.
There were several limitations to our study. First, the study was performed retrospectively; thus, we did not have access to data on infants without liver disease as a control group. As a consequence, we had to compare our results with those of previous studies that were performed with adult patients. As mentioned above, age can alter transient elastographic values within the same histologic fibrosis stage. A larger-scale study is necessary to establish normal values in infants. Another limitation of our study was that we did not obtain information about the degree of necroinflammatory activity or cholestasis on histologic liver analysis, which may have led to an overestimation of liver stiffness. 32, 33, 42 Laboratory data such as ALT, which is a poor marker of inflammation, 17 cannot accurately reflect factors influencing liver stiffness other than fibrosis. Therefore, a histologically based analysis is needed to clarify other potential factors affecting liver stiffness. An additional limitation was the small number of patients with no fibrosis (F0), mild fibrosis (F1), and cirrhosis (F4). As a result, we were unable to obtain reliable data from these patient groups.
In conclusion, transient elastography can be used as a noninvasive method for the diagnosis of severe fibrosis and cirrhosis in infants with biliary atresia. The degree of liver fibrosis is the major prognostic factor in predicting the outcome following portoenterostomy. Therefore, transient elastography may help predict the therapeutic outcome before invasive liver biopsy or surgical management, suggesting more effective treatment options. The S probe, which is specific to children, may increase the success rate of transient elastography in infants with biliary atresia. Further evaluation is needed to determine the effects of the S probe on the diagnostic accuracy of transient elastography for assessing the degree of liver fibrosis in infants with biliary atresia and controls. Sonographic findings, including the triangular cord thickness and hepatic artery and portal vein diameters, were not useful for predicting liver fibrosis in infants with biliary atresia.
